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Abstract
We report on an empirical study with over hundred online participants where we investigated
how texture and color value, two popular visual variables used to convey uncertainty in maps,
are understood by non-domain-experts. Participants intuit denser dot textures to mean greater
attribute certainty; irrespective of whether the dot pattern is labeled certain or uncertain. With
this additional empirical evidence, we hope to further improve our understanding of how non-
domain experts interpret uncertainty information depicted in map displays. This in turn will
allow us to more clearly and legibly communicate uncertainty information in climate change
maps, so that these displays can be unmistakably understood by decision-makers and the general
public.
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Figure 1 Thematic map conveying climate change predictions using color value combined with
color hue to communicate average changes in precipitation. The visual variable texture, including
stippling (black dots) and hatching (diagonal lines) visualizes prediction uncertainties (Source: [5]:
Figure SPM.7).
1 Introduction
Maps are a popular means to inform decision-makers and the general public about climate
change. For example, well-known and highly cited reports produced by the Intergovernmental
Panel on Climate Change [5], the European Environment Agency (EEA 2017), and the US
National Climate Assessment (e.g., [14]) contain on average at least one thematic map every
dozen pages to make climate change visible and tangible to everyone (Figure 1). Important
decisions on climate change mitigation and adaptation are often made with the help of such
maps [15]. Climate change predictions contain various sources and types of uncertainties.
This information is also visualized in the earlier mentioned climate change reports, as to
alert decision-makers and the public of the inherent prediction uncertainties (Figure 1). For
instance, the numbers printed in the upper right corner above the two maps in Figure 1
describe the number of model outcomes used to compute the depicted average change in
precipitation over the depicted period. The stippling texture (dot pattern) in these maps
indicate regions where the projected change is large compared to natural internal variability
(i.e., greater than two standard deviations of internal variability in the 20-year averages),
and where 90% of the models agree on the sign of change. The hatching texture (diagonal
line pattern) in Figure 1 shows regions where the projected change is less than one standard
deviation of the natural internal variability in the 20-year averages (WGI Figure SPM.8,
3Figure 1.20, Box 12.1). The visualization of complex and difficult to interpret climate
change statistics, including the inherently difficult to comprehend concept of uncertainty can
lead to uninformed (at worst, wrong) decisions and respective harmful consequences. It is
therefore critically important that climate change maps clearly and legibly communicate the
information, so that these displays can be unmistakably understood by the decision-makers.
2 Background
The visualization of uncertainty has been empirically studied by a diverse visualization
community for over 20 years [13]. GIScientists, for instance, have investigated the suitability
of various visual variables for the communication of uncertainty in maps [8]. Particular
attention has been paid, for instance, to how color value ([12, 16]) and texture [10, 9] might
intuitively communicate uncertainty information in thematic maps. Empirical study results
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Figure 2 Entire procedure of the online study, and respective sequence and style of test stimuli
(administered in English and in German), showing both black and white textures, two question
types, and the response box.
to date suggest that the graphic variable color value is particularly intuitively understood
and associated with uncertainty [12]. This research also provides empirical evidence that
the graphic variable texture, as shown in Figure 1, is particularly easy to read [11, 10, 16].
However, empirical findings are contradictory on how color value and texture intuitively
communicate uncertainty, when the concept is labeled differently, i.e., uncertainty or certainty
[10, 12], herein labeled un|certainty. In the following, we report on an empirical, online study
that aims to narrowing mentioned research gaps.
3 Empirical Study
We systematically examine how the visual variables color value and texture [1] are intuitively
understood by non-domain-expert map readers to convey un|certainty information in climate
change maps. We also wish to further develop GIScience theory, focusing on the widely
known, but little empirically evaluated cartographic principles “darker-is-more” and “denser-
is-more”, typically used to convey increasing data magnitudes, and how these principles
apply to the intuitive understanding of the visualization of un|certainty. For this, we
specifically developed a new uncertainty visualization method which simulates color value
by means of regularly spaced white and black dot textures of varying dot densities. This
method not only combines the intuitively understood properties of the graphic variable
color value to convey uncertainty [12], but it is also directly based on the graphic variable
texture, which previous empirical uncertainty visualization research suggests to be highly
legible [12, 16]. We were inspired by the halftone technique, a classic reprographic method
to simulate continuous tone by means of a dot pattern, varying either in dot size or in
dot spacing [17]. We thus employed black and white dot patterns of various densities to
lighten or darken areas in the classed, univariate precipitation change maps used as stimuli
in our study (Figure 2). Our developed map stimuli were directly inspired by the maps
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(a) un|certainty concept. (b) density of dot texture (black or white).
Figure 3 Main Effects: un|certainty concept (a) and visual variable texture density (b).
available in the IPCC Report 2014, as shown in Figure 1. To control for potential perceptual
confounds, we carefully checked map stimuli against color deficient viewing simulations [7]
and by running biologically inspired vision models [6] to assure consistent center-surround
contrasts across all stimuli. The online study had three sections (Figure 2); comprising of
a background questionnaire (Part 1), two types of map-based questions (Part 2), and the
Hidden Patterns Test (Part 3), a standardized spatial abilities test [4], deployed via an online
survey (i.e., onlineumfragen.com). We collected data during July 14-27, 2017, targeting
various international GIScience/cartography, geography and geomatics lists. Participants
could choose to complete the test either in German or in English. We retained 104 participants
for data analysis (52 females and males), because they completed the entire test (Total
N=799, completion rate of 13%). Based on the background questionnaire, our participants
have mostly a geography, cartography, and geomatics background (approx. 40% of the total
sample), but are considered non-climate-domain experts. After completing the background
questionnaire and a warm up trial, participants were then asked to rate on a 4-step response
scale matching the four depicted dot densities (within subject factor: density) how un|certain
(between-subject factor: question type) the labeled zones highlighted on a series of maps,
looked to them. In the second map-based portion of the study, participants were also asked
to compare two precipitation maps that differed in dot color black|white (within-subject
factor: color) of the newly developed uncertainty visualization method. Finally, participants
completed the Hidden Patterns test to assess their visuo-spatial abilities.
4 Results
To compare ratings across the un|certainty conditions, we assigned “not at all un|certain” to
rating 1 and “very” un|certain to rating 4. We then linked the word pairs “very uncertain”
with “not at all certain” to compare the ratings across un|certainty conditions. We ran mixed
ANOVAs on the ratings, and where data assumptions were violated, we relied on the Aligned
Rank Transform (ART) [18]. Interestingly, textures that are labeled uncertain (Figure 3a),
on average, receive significantly higher certainty ratings, compared to those that are labeled
certain (F(1,102) = 8.877, p < .01, partial η2 = .08).
Participants associated the increased density of the dot textures (Figure 3b) with increased
certainty (F(3,306) = 40.026, p < .001, partial η2 = .28). All textured zones are rated more
certain compared to the non-textured zones (x¯ = 2.39, F(1,102) = 49.13, p < .001, partial
η2 = .33). The differences between the increasing texture densities are all significant (p <
.001). There were no significant differences comparing the color of the dot texture (white vs.
black dots). We also did not find any significant differences between participants’ expertise
with climate change mapping and their spatial abilities relating to the Hidden Patterns test.
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5 Discussion
In contrast to our hypotheses, based on above cited uncertainty visualization research, the
response pattern shown in Figure 3b is the same, whether participants rate uncertainty or
certainty. In other words, we find empirical support for the basic cartographic principle the
more (denser) the (dot) texture, the more participants associate this with more certainty in
precipitation change maps. In doing so, we replicate similar studies using different types of
textures (hatching, dot size, dot arrangement, and color) to convey uncertainty [12, 3, 16].
This is somewhat in contradiction with the cartographic principle “the darker-is-more”,
assumed with color value. The denser (more certainty) a white (dot) texture on the dark
map background, the lighter it appears. However, [12] found that the progression from a
light color shade or from light appearing fuzziness (i.e., more uncertainty) to a dark or solid
color shade (i.e., more certainty) was amongst the top three most intuitively understood
visual variables to convey uncertainty. To our surprise, the color of the dots (white vs. black)
did not make a significant difference in our collected certainty ratings. One explanation
for this unexpected result is that the developed dot textures possibly appeared too coarse
as to produce distinguishable (just noticeable) differences in color value across the white
and the black dot conditions. Looking into participants’ open responses in the comments
response box, it seems that a significant portion of them interpreted the dots in the textures
to mean precipitation measurement locations. With an increase of the precipitation sampling
locations within a zone, a plausible conclusion could thus mean an increase in data certainty.
6 Conclusion and Outlook
We set out to empirically assess whether the well-known cartographic principles “darker-is-
more” and “denser-is-more” also applied to the intuitively understood visualization of data
un|certainty. Our empirical findings suggest that the increase of regularly spaced dot textures
in precipitation change maps are indeed associated with perceived increase in data certainty.
This association pattern is stable whether or not the term uncertainty or certainty are used to
label the textures in the map displays. However, certainty ratings increase significantly when
the term uncertainty is used in the maps, compared to when the texture is labeled certainty.
Unexpectedly, the color of the dot texture has no significant influence on un|certainty ratings
in our study. While we varied the spacing of the regular dot textures, others have also varied
the arrangement of textures (e.g., [2, 8]). This invites like-minded researchers to further
systematically investigate dot arrangements in future empirical studies. In closing, we hope
to have shed further light on how the popular visual variables texture and color value might
be employed to clearly and legibly communicate uncertainty information in climate change
maps, so that these displays can be unmistakably understood by decision-makers and the
general public.
References
1 J. Bertin. Sémiologie Graphique: Les Diagrammes – les Réseaux – les Cartes, Mouton,
Paris (English translation of the second French edition by William J. Berg, 1983). Editions
de l’Ecole des Hautes Etudes en Sciences Sociales, 1967.
2 N. Boukhelifa, A. Bezerianos, T. Isenberg, and J. D. Fekete. Evaluating sketchiness as a
visual variable for the depiction of qualitative uncertainty. IEEE Transactions on Visualiz-
ation and Computer Graphics, 18(12):2769–2778, Dec 2012. doi:10.1109/TVCG.2012.220.
GISc ience 2018
37:6 How Do Texture and Color Communicate Uncertainty?
3 L. Cheong, S. Bleisch, A. Kealy, K. Tolhurst, T. Wilkening, and M. Duckham. Evaluating
the Impact of Visualization of Wildfire Hazard upon Decision-making under Uncertainty.
International Journal of Geographical Information Science, 30(7):1377–1404, 2016. doi:
10.1080/13658816.2015.1131829.
4 R. B. Ekstrom, J. W. French, H. H. Harman, and D. Diran. Manual for Kit of Factor-
Referenced Cognitive Tests. Educational Testing Service, Princeton, N.J, 1976.
5 IPCC. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II
and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
IPCC, Geneva, Switzerland, 2014.
6 L. Itti, C. Koch, and E. Niebur. A Model of Saliency-Based Visual Attention for Rapid Scene
Analysis. IEEE Transactions on Pattern Analysis and Machine Intelligence, 20(11):1254–
1259, 1998.
7 B. Jenny and Nathaniel V. Kelso. Designing Maps for the Colour-vision Impaired. Bulletin
of the Society of Cartographers, 40(1):9–12, 2007.
8 C. Kinkeldey, A. M. MacEachren, and J. Schiewe. How to Assess Visual Communication of
Uncertainty? A Systematic Review of Geospatial Uncertainty Visualisation User Studies.
The Cartographic Journal, 51(4):372–386, 2014. doi:10.1179/1743277414Y.0000000099.
9 M. Kunz, A. Grêt-Regamey, and L. Hurni. Visualization of Uncertainty in Natural Haz-
ards Assessments Using an Interactive Cartographic Information System. Natural Hazards,
59(3):1735–1751, 2011. doi:10.1007/s11069-011-9864-y.
10 M. Leitner and B. P. Buttenfield. Guidelines for the Display of Attribute Certainty.
Cartography and Geographic Information Science, 27(1):3–14, 2000. doi:10.1559/
152304000783548037.
11 A. M MacEachren. Visualizing Uncertain Information. Cartographic Perspective, 13:10–19,
1992. doi:10.1.1.62.285.
12 A. M. MacEachren, R. E. Roth, J. O’Brien, B. Li, D. Swingley, and M. Gahegan. Visual
Semiotics & Uncertainty Visualization: An Empirical Study. IEEE Transactions on Visu-
alization and Computer Graphics, 18(12):2496–2505, 2012. doi:10.1109/TVCG.2012.279.
13 J. Mason, A. Klippel, S. Bleisch, A. Slingsby, and S. Deitrick. Special issue introduction:
Approaching Spatial Uncertainty Visualization to Support Reasoning and Decision Making.
Spatial Cognition and Computation, 16(2):97–105, 2016. doi:10.1080/13875868.2016.
1138117.
14 J.M. Melillo, T.C. Richmond, and G. W. Yohe. Climate Change Impacts in the United
States: The Third National Climate Assessment. U.S. Government Printing Office, Wash-
ington D.C., USA, 2014.
15 I. Neverla and M. S. Schäfer. Einleitung: Der Klimawandel und das Medien-Klima. In
I. Neverla and M.S. Schäfer, editors, Das Medienklima: Fragen und Befunde der Kom-
munikationswissenschaftlichen Klimaforschung, pages 9–25. Springer, Wiesbaden, Ger-
many, 2012. doi:10.1007/978-3-531-94217-9.
16 D. P. Retchless and C. A. Brewer. Guidance for Representing Uncertainty on Global
Temperature Change Maps. International Journal of Climatology, 36(3):1143–1159, 2016.
doi:10.1002/joc.4408.
17 A.H. Robinson. Elements of Cartography. John Wiley & Sons, New York, NY, 1995.
18 J. O. Wobbrock, L. Findlater, D. Gergle, and J. J. Higgins. The Aligned Rank Transform
for Nonparametric Factorial Analyses Using only ANOVA Procedures. In Proceedings of the
2011 annual conference on Human factors in computing systems - CHI ’11, pages 143–146,
New York, NY, 2011. ACM. doi:10.1145/1978942.1978963.
